ABSTRACT Background: Although multiple micronutrient interventions have been shown to benefit children's intellectual development, a thorough evaluation of the totality of evidence is currently lacking to direct public health policy. Objective: This study aimed to systematically review the present literature and to quantify the effect of multiple micronutrients on cognitive performance in schoolchildren. Methods: The Institute for Scientific Information Web of Knowledge and local medical databases were searched for trials published from 1970 to 2008. Randomized controlled trials that investigated the effect of 3 micronutrients compared with placebo on cognition in healthy children aged 0-18 y were included following protocol. Data were extracted by 2 independent researchers. The cognitive tests used in the trials were grouped into several cognitive domains (eg, fluid and crystallized intelligence), and pooled effect size estimates were calculated per domain. Heterogeneity was explored through sensitivity and meta-regression techniques. Results: Three trials were retrieved in children aged ,5 y, and 17 trials were retrieved in children aged 5-16 y. For the older children, pooled random-effect estimates for intervention were 0.14 SD (95% CI: 20.02, 0.29; P = 0.083) for fluid intelligence and 20.03 SD (95% CI: 20.21, 0.15; P = 0.74) for crystallized intelligence, both of which were based on 12 trials. Four trials yielded an overall effect of 0.30 SD (95% CI: 0.01, 0.58; P = 0.044) for academic performance. For other cognitive domains, no significant effects were found. Conclusions: Multiple micronutrient supplementation may be associated with a marginal increase in fluid intelligence and academic performance in healthy schoolchildren but not with crystallized intelligence. More research is required, however, before public health recommendations can be given.
INTRODUCTION
Micronutrient malnutrition impairs children's cognitive performance and developmental potential (1) . Single micronutrient interventions have shown that iodine and iron, and possibly other micronutrients such as zinc and B vitamins, may benefit children's mental development (2) . Because micronutrient deficiencies often coexist and synergistic effects of micronutrients on physical functions may indirectly affect cognition, supplementing children with multiple micronutrients could have advantages over single micronutrient supplementation. For example, iron and vitamin A have been shown to influence thyroid metabolism in addition to iodine (3, 4) , and B vitamins and vitamin A are required for erythropoeisis in addition to iron (5, 6) . In contrast, micronutrients might also have antagonistic effects, affecting their bioavailability and their functioning in physiologic processes that may lead to impaired cognitive functioning. Because iron and zinc, as well as copper and manganese, compete for intestinal uptake, a high dose of one of these minerals may limit the absorption of the others (7) .
In 2001, Benton (8) reviewed 13 studies that investigated the role of multiple micronutrients on cognition in children aged 6-16 y, of which most reported a positive effect of the micronutrient supplementation, mostly with nonverbal measures. The author postulated that performance on nonverbal tests results, at least in part, from basic biological functions and could be influenced by diet. In contrast, verbal intelligence comprises the acquired knowledge that was thought not to be affected by nutrition on the shorter term. Some limitations of the review were that no strict selection criteria were applied for inclusion or exclusion of studies and that the results of the studies were not pooled to quantify the effect of micronutrients on cognition. Furthermore, it remained unclear whether there are other specific cognitive domains beyond nonverbal intelligence that could be influenced by micronutrient supplementation and whether the effects would depend on other factors, such as age and nutritional and socioeconomic status. Since Benton's review, more trials have been published in the literature, most of which were conducted in developing countries. Children in developing countries have, in general, a more monotonous diet and may have a higher risk of micronutrient deficiencies. Hence, these children might benefit more from micronutrient supplementation than their peers in developed countries.
In the present study, we aimed to systematically review the current literature and to perform a meta-analysis to quantify the effect of multiple-micronutrient interventions on cognitive performance in children, from infancy until late adolescence, ie, 0-18 y of age. Moreover, because we expected heterogeneity among the studies, we explored whether factors such as age, country, nutritional status, duration, and type of micronutrient supplementation would predict the effects of micronutrients on cognition.
METHODS

Identification of trials
We searched in titles and abstracts of trials published between 1970 and 2008 in databases of the Institute for Scientific Information Web of Knowledge (www.isiknowledge.com), Cochrane (CENTRAL) (www.thecochranelibrary.com), EmBase (www.embase.com), Australasian Medical Index (www.nla. gov.au/ami), Chinese Biomedical Literature (www.cbmwww. imicams.ac.cn), Latin American Caribbean Health Sciences Literature (http://bases.bireme.br/cgi-bin/wxislind.exe/iah/online/? IsisScript=iah/iah.xis&base=LILACS&lang=i&form=F), and Japan Information Centre of Science and Technology File on Science, Technology and Medicine (www.jst.go.jp/EN/). A search string consisting of a combination of the following terms was used: trace element, vitamin, carotenoid, micronutrient, mineral, multiple micronutrient; with cognition, memory, mental performance, child development, infant development, school performance, academic achievement, psychomotor; and with child, adolescent, infant, preschooler, toddler. Additionally, we performed a lateral search, checked lists of references of publications found and searched the past 3 issues of conference proceedings of the International Union of Nutritional Sciences and the International Life Sciences Institute conferences.
Selection criteria
Type of trials
All randomized (also cluster randomized) placebo-controlled trials that evaluated micronutrient supplementation of children aged 0-18 y for a period of 4 wk and its effect on cognitive performance, regardless of language and publication status, were considered for inclusion. Also, trials that used a factorial design with multiple intervention groups were eligible.
Type of participants
Trials conducted in apparently healthy children were included. Trials conducted in selected subjects with learning disabilities, neuropsychiatric disorders, or chronic psychiatric health conditions were excluded.
Types of intervention
We included trials in which children were supplemented with 3 different micronutrients compared with a placebo as well as studies that compared foods fortified with 3 micronutrients to nonfortified foods. Moreover, trials that had used other interventions along with multiple micronutrients, such as deworming tablets or x23 (n23) fatty acids, were also included provided that the addition of multiple micronutrients was the sole difference between the intervention and control groups. When studies used supplements that also contained bioactive substances such as flavonoids and carotenoids, which are commonly found in micronutrient supplements, these studies were included provided that the supplement predominantly consisted of micronutrients. A combination of 3 B vitamins only was not considered to qualify as a multiple micronutrient intervention because B vitamins are involved in similar biological processes. Studies in which (x23) fatty acids, proteins, or herbals were part of the micronutrient mix were excluded when the intervention was compared with a placebo.
Types of outcomes
Studies that reported cognitive performance as primary or secondary outcome measure of the intervention were included.
Data handling
Data were extracted by 2 independent persons (AE and TG) using a predefined data extraction sheet. Possible relevant publications in languages other than English were translated. If needed and wherever possible, authors were contacted to retrieve missing data.
For each trial we tried to retrieve scores on all cognitive subtests measured rather than combined scores. The cognitive tests were grouped by 2 independent persons (TG and CT) into the cognitive domains defined by Carroll (9) , including fluid intelligence, crystallized intelligence, short term memory (referred to as learning and memory in the original model), visual perception, retrieval ability, and cognitive processing speed (consisting of the 2 domains cognitive speediness and processing speed in the original model), presented here in descending order of correlation with intelligence. We added the cognitive domains sustained attention and motor skills because these domains are frequently found in neuropsychological scales, and we added academic performance. Fluid intelligence comprises reasoning abilities and is generally measured through tasks of analogies and series completions. Crystallized intelligence reflects a set of acquired skills and knowledge and assessed by tasks of verbal comprehension, vocabulary, and evaluation of semantic relations. It is seen as more dependent on experience and education within a culture than fluid intelligence. Following a priori decision, a meta-analysis was performed at the cognitive domain level, provided that 3 trials assessing that domain were available.
Statistical analysis
The primary outcome was the difference in change in cognitive test scores from baseline to trial termination, and sensitivity analysis end scores were also evaluated. If the number of trials reporting end scores was higher than the number of trials reporting change scores, the end scores were used as primary outcome variable for that subset. For trials assessing one cognitive domain with more than one cognitive test, we computed a standardized mean difference (SMD) by taking the mean of the standardized scores of the cognitive tests used. We pooled data reported for subgroups (eg, boys and girls) and intervention groups (eg, different dose of micronutrients) that were a priori decided not to be of interest for the investigation of heterogeneity.
To avoid multiple counting of the control group in trials with multiple intervention groups and a single control group, we divided the sample size of the control group equally between the number of intervention groups, whereas retaining the mean change and its SD (10) . This method will reduce the probability of type 1 error.
The following principles were used when variables required for the meta-analysis were not stated in the publication or available from authors: 1) within a group, the lower of the 2 stated sample sizes in the beginning or the end of a trial was assumed to be the sample size for the change; 2) the mean change in outcome variable was computed as the difference of mean post-and preintervention levels; 3) wherever feasible, SDs were imputed (back calculated) from the stated SE, t, F, or P values or, if not possible, SDs were computed assuming a correlation of 0.5 between the preintervention and postintervention variances (11); 4) the mean age of subjects was computed as the average of the stated range.
Effect sizes for individual trials were calculated by dividing the difference between the mean change in intervention and control group by the pooled SD. The overall mean effect size was calculated by using the random-effects model. The presence of bias in the extracted data were evaluated graphically by using the funnel plot and Begg and Egger's regression tests (12, 13) . The I 2 (variation in overall effect size attributable to heterogeneity) and Cochran Q statistics were computed to test for heterogeneity of the effect sizes.
Stratified analyses, specified in advance, were conducted for the following variables: quality of methods [concealment of allocation (adequate compared with unclear, inadequate, or not used], blinding (double blinding compared with single blinding, no blinding, or unclear), attrition (,10% compared with 10% or unknown), comparability of intervention groups at baseline (yes compared with no or unclear), compliance with intervention (adequate 70% compared with others), type of analysis (intention-to-treat compared with others), country development status [medium compared with high rank on Human Development Index (HDI) defined by the United Nations Development Program], supplementation vehicle (fortification compared with tablet), number of micronutrients provided (20 compared with .20), duration of supplementation (12 wk compared with .12 wk), and inclusion of either iron or iodine in the intervention (yes compared with no). Because of the limited number of trials in children aged ,5 y, the meta-analysis was only performed on trials conducted in children aged 5 y. This prevented us from including age in the subgroup analysis. To further explore heterogeneity between the studies, a metaregression analysis was conducted to investigate the effects of these variables and the mean age of subjects. Because of the limited number of trials available, no sensitivity analyses were conducted for the cognitive domains other than fluid and crystallized intelligence. All analyses were conducted with STATA (version 9.2; StataCorp, College Station, TX) software.
RESULTS
Nineteen publications described 20 trials that were eligible for inclusion in the meta-analysis (Figure 1 ), of which 3 were conducted in children ,5 y of age (14-16) (see Table 1 for an overview of the trial characteristics). Because only 2 of these studies measured gross motor development and the third study conducted more general tests of development, it was not possible to classify the outcomes in the cognitive domains for the children aged .5 y, and there were too few trials to conduct a separate meta-analyses for these trials. Therefore, we briefly reviewed them here. Faber et al (15) investigated the effect of a fortified compared with an unfortified porridge on gross motor development in South African infants aged 6-12 mo. After 6 mo of intervention, the infants who received the fortified porridge achieved significantly higher motor development scores than did infants who received the unfortified porridge. Similarly, Olney et al (16) showed that infants aged 5-11 mo (n = 90) from Zanzibar who received iron, folate, and zinc for 1 y achieved walking unassisted 1 mo earlier than did infants who received a placebo (n = 103). Dhingra et al (14) conducted a trial in 633 young children aged 1-3 y from India who received fortified or unfortified milk. After 1 y of supplementation, no significant differences between the 2 groups were found on Bayley's mental and motor development scores, behavior, and language development.
Sixteen publications with trials in children 5 y of age were found (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (Table 1) , of which one trial (25) was reported as an abstract. One publication (24) described 2 trials following the same design but conducted in 2 different countries, hence a total of 17 trials were identified. Six trials were conducted in developing countries (21, 22, 24, (30) (31) (32) . Nine trials were conducted in children Subjects received micronutrient supplements in 11 trials and a micronutrient-fortified beverage, biscuit, or seasoning powder in 6 trials. The cognitive tests used in the trials were clustered into the cognitive domains as shown in Table 2 .
Fluid intelligence
Twelve trials assessed the domain of fluid intelligence, of which 10 measured this domain by a combined score of subtests for nonverbal intelligence (17-20, 23, 26-29, 31 ) and 2 by individual tests (25, 30) . The funnel plot looked somewhat asymmetrical ( Figure 2) ; however, there was no evidence of publication bias by the Begg (P = 0.14) and Egger (P = 0.15) tests. The heterogeneity among trials was significant (P , 0.001), and the overall effect size of multiple micronutrients on fluid intelligence was 0.14 SD (95% CI: 20.02, 0.29; P = 0.083) (Figure 3) . On influence analysis, the effect size did not change significantly when trials were omitted one at a time. A subgroup analyses showed that compliance, method of randomization, method of analysis, country development status, supplementation vehicle, and the number of micronutrients provided were significant predictors of heterogeneity ( Table 3) . Only country development status, supplementation vehicle, and number of micronutrients provided were also significant in univariate regression analysis (Table 4) . In multivariate regression analysis using a model with country development status and number of micronutrients, these variables were no longer significant (Table  4) .
Crystallized intelligence
Crystallized intelligence was assessed in 12 trials, 8 of which measured this domain by a combined score of subtests for verbal intelligence (17, 19, 20, 23, 26, 28, 29, 31 ), 3 by 3-4 subtests (24, 30) , and 1 by one subtest (21) . From statistical tests by Begg (P = Stunting was defined as ,22 SD height-for-age z scores based on National Center for Health Statistics/World Health Organization growth reference data.
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All placebo groups received no micronutrients.
4
All cognitive outcomes were measured at the end of the duration of the intervention.
5
Procedure of randomization was unclear.
6
Procedure of blinding was unclear.
7
Trial included 3 intervention groups: mn, mn+Zn (micronutrients + zinc), and mn+Fe (micronutrients + iron).
8
Trial initially had 3 intervention groups providing 50%, 100%, or 200% of the Recommended Dietary Allowance (RDA) of the micronutrients. For the meta-analysis, the 3 groups were pooled, and the amounts of micronutrients of the 100% RDA group are presented.
9
Trial had a cluster randomized design. 0.95) and Egger (P = 0.77), there was no evidence of publication bias, but the funnel plot looked slightly asymmetrical ( Figure  4 ). There was significant heterogeneity between the trials (P , 0.001). Overall, there was no significant effect (20.03 SD; 95% CI: 20.21, 0.15; P = 0.74) of multiple micronutrients on crystallized intelligence ( Figure 5 ). When trials were omitted one at a time, the overall effect size did not change significantly (data not shown). Significant predictors of heterogeneity on subgroup analyses were allocation concealment, compliance, method of randomization, method of analysis, and inclusion of iodine (Table 3) , whereas no variables significantly explained heterogeneity in univariate analyses (Table 4 ).
Other cognitive domains
For the other cognitive domains, 7 trials were available. For all domains, except short-term memory and sustained attention, there was significant heterogeneity between the trials. The overall effect sizes are presented in Table 5 . A significant positive overall effect of micronutrient supplementation was found on academic performance (0.30 SD; 95% CI: 0.01, 0.58; P = 0.044) based on 4 trials (22, 26, 31, 32) . These studies had a relatively large sample size of 220-869 subjects, and 3 (22, 31, 32) were conducted in developing countries. There were no significant overall effects on the domains of short-term memory, visual perception, retrieval ability, cognitive processing speed, and sustained attention.
DISCUSSION
This meta-analysis suggests the possibility of a small positive effect of multiple micronutrient supplementation on fluid intelligence (reasoning ability), which was not statistically significant (P = 0.083), and a positive effect on academic performance (based on a limited number of 4 trials; P = 0.044) in children 5-16 y of age. There were no effects on crystallized intelligence (acquired knowledge) and other cognitive domains.
Strengths and limitations of the review
We conducted an up-to-date systematic review using rigorous selection methodology, including studies from both developed and developing countries. Furthermore, we performed a metaanalysis at the level of the different cognitive domains, which has not been shown before in literature. We realize that our definition of multiple micronutrients is arbitrary; however, others have used the same definition as ours (33) (34) (35) . Furthermore, micronutrient interventions varied across trials; hence, results should be interpreted accordingly. We found no evidence of publication bias among trials assessing the domains of fluid and crystallized intelligence, and influence analyses did not indicate that any of the trials had a significant effect on the overall effect sizes for these domains. In the cluster randomized trial (31), a correction for design effects was not possible. We conducted a large number of subgroup and meta-regression analyses, and, given the increased risk of false-positive results, significant findings should be interpreted with caution. Unfortunately, we lacked data on indicators of nutritional status to explore whether malnourished children would benefit more from multiple micronutrients than would well-nourished children. However, our main conclusions regarding fluid and crystallized intelligence did not change after performance of the sensitivity analyses.
Choice of outcome measures
We included trials that measured cognitive performance as primary or secondary outcomes. Although the cognitive test batteries differed by trial, most of them comprised subtests from reliable and valid test batteries, such as the Wechsler's Intelligence Scale for Children or validated adapted versions (29, 31) . In addition, measuring a similar domain with different subtests can be viewed as a more robust assessment of that particular domain (36) . However, the lack of availability of data on subtest level for most of the older trials (published in the 1990s) hampered the initial aim to classify subtests into cognitive domains; therefore, combined scores were used for classification.
Predictors of heterogeneity
There was significant heterogeneity among the trials. For fluid intelligence, heterogeneity could be explained by the difference in development status of the countries, supplementation vehicle, and number of micronutrients in both subgroup and univariate meta-regression analyses. Our findings suggest that development status of countries, supplementation vehicle, and number of micronutrients provided could each individually explain the different findings of the different studies in the meta-analysis, as suggested by the univariate regression analysis. However, in the multiple regression analysis, including all of these variables in one model together with the treatment, these variables were no longer significant predictors, probably because of confounding (ie, dependency in the model).
Contrary to our expectations, for trials conducted in developed countries with a HDI rank and presumably a better nutritional Obtained by using a random-effects model.
3
Considerable heterogeneity was observed in one or more subgroups; the test for heterogeneity between subgroups was likely invalid.
4
Countries were classified into the HDI ranks of high, medium, or low according to the criteria of the United Nations Development Program.
TABLE 4
Meta-regression analysis for fluid and crystallized intelligence Multiple regression analysis was conducted only for those variables that were significant (P , 0.05) on univariate regression analyses. HDI, Human Development Index.
2
Obtained by using a model with HDI (continuous), supplementation vehicle (tablets vs fortification), increase per micronutrient in intervention (continuous), and dose of iron (continuous) as covariates.
3
Countries were classified into the HDI ranks of high, medium, or low according to the criteria of the United Nations Development Program. For fluid intelligence, trials with a high HDI also provided micronutrients in tablet form, and trials with a medium HDI provided micronutrients in fortified products; therefore, only the HDI of countries was taken into account in the multivariate analysis.
status, which also provided micronutrient in tablets, the overall effect on fluid intelligence was significantly larger than in trials conducted in developing countries, with an estimated lower nutritional status, using fortified products. Differences between developed and developing countries may be explained by the fact that most of the cognitive test batteries originated from developed countries and were validated in Western populations and therefore may be more sensitive than adapted test batteries used in developing countries. Also, an overall lack of energy and protein in the diets of children in developing countries may have overruled the effect of micronutrients. This may also explain why the provision of micronutrients in fortified foods containing energy and protein may not have resulted in clear benefits of micronutrients only. Furthermore, a higher number of different vitamins and minerals may lead to larger improvements in cognitive performance; however, we lack data to clarify what type and dose of micronutrients would be most effective.
Comparisons with earlier reviews
Our results for fluid and crystallized intelligence seem to confirm the observations from the earlier review (8) , which indicated that nonverbal or fluid intelligence, but not verbal or crystallized intelligence, might be improved by micronutrient interventions. Several mechanisms have been described for how micronutrients can influence cognition. For instance, iron is required for myelination and neurotransmitter neurochemistry (37) , and neurotransmitter processes are impaired in the presence of iron deficiency anemia, which is most probably caused by a reduction in oxygen availability (38) . Zinc is a coenzyme required for neurogenesis, neuronal migration, and synaptogenesis (39) , and B vitamins are required for neurotransmitter synthesis and functioning (40-44), brain energy metabolism (45) , and myelination of the spinal cord and brain (44) .
There are several hypotheses for why the effect of micronutrients might be beneficial to fluid intelligence, but not to crystallized intelligence. Possibly, the cognitive tests assessing fluid intelligence and the lower cognitive abilities would be more sensitive to pick up subtle differences compared with those for crystallized intelligence. In addition, it may take more time, maybe several years, to show significant differences in acquired skills and knowledge following nutritional interventions than for the other cognitive domains, and the duration of the trials may have been too short to demonstrate effects. Furthermore, environmental factors, such as education, parenting styles, and socioeconomic status may be more important determinants of crystallized intelligence than nutrition.
The overall effect of multiple micronutrients on fluid intelligence (0.14 SD) found in the current meta-analysis is smaller than that of iron supplementation alone on mental development (0.41 SD) in children 8 y of age (46) . This may be attributed to the fact that doses of iron provided in the meta-analysis on iron only were higher (30-100 mg/d) than the doses of iron in multiple micronutrient interventions in our meta-analysis (1.2-24 mg/d). In addition, whereas trials on iron only used iron tablets, the studies of multiple micronutrients used food as the delivery system. The extra energy and protein provided in the food matrix may have overruled the effects of the micronutrients in these studies. In addition, perhaps single iron supplementation may be as or even more effective for children's development than multiple micronutrients. However, 2 studies in infants have shown that zinc, in addition to iron and folate, was equal or more beneficial for their development than iron and folate alone (16, 47) . Therefore, future, properly designed studies are recommended to determine whether multiple micronutrients are more advantageous than single micronutrients.
Implications for public health policy and recommendations for future research
This meta-analysis suggests the possibility of a marginal positive effect of micronutrients on reasoning abilities and academic performance (limited data) of children. However, the evidence is currently not robust enough to recommend routine multiple micronutrient supplementation for improving cognitive performance. To decide whether multiple micronutrients should be recommended for optimal mental development in children, more research is needed, taking into account the observed heterogeneity among the studies, to assess whether multiple micronutrient supplementation has advantages over that of single micronutrients in randomized controlled trials. Furthermore, because of limited data, more trials in developing countries are needed to investigate whether micronutrients improve cognition and to assess whether protein and energy in addition to micronutrients might be required to optimize the intellectual development of malnourished children. Future trials should include various cognitive domains, such as short-term memory, visual perception, retrieval ability, sustained attention, and cognitive processing speed to investigate whether multiple micronutrients affect the cognitive domains in different ways.
Conclusions
In conclusion, this meta-analysis suggests that multiple micronutrient supplementation in healthy school-age children may be associated with a small increase in fluid intelligence, whereas crystallized intelligence seems unaffected. However, the development of public health guidelines specifically designed to improve cognitive performance of children through routine micronutrient interventions is currently considered premature. 
